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Synaptogenesis: The MAP location of GABA receptors
Maria Passafaro and Morgan Sheng
Microtubule-associated proteins (MAPs) have been
identified as binding partners for ionotropic GABAA and
GABAC receptors. These interactions suggest a
potential role for MAPs in the cytoskeletal anchoring of
receptor-ion channels at specific subcellular sites, such
as synapses.
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Neurons communicate with each other via specialized cell
junctions known as synapses. An individual neuron
receives two kinds of synaptic input, excitatory and
inhibitory. In the brain, excitatory synapses use glutamate
as the neurotransmitter, while most inhibitory synapses
use γ-amino-butyric acid (GABA). Glutamatergic synaptic
transmission is mediated by ionotropic glutamate
receptors, which are clustered in the postsynaptic mem-
brane of excitatory synapses. These receptors are ligand-
gated ion channels, which open in response to binding of
glutamate, and their high density in the postsynaptic
membrane is believed to be important for efficient synap-
tic transmission. 
In recent years, the molecular mechanisms underlying
postsynaptic clustering of glutamate receptors have been
intensively studied. An emerging theme is that the
cytoplasmic carboxy-terminal tails of the ionotropic
glutamate receptors — in particular the subtypes known
for their pharmacological properties as N-methyl-D-aspar-
tate (NMDA) receptors and α-amino-3-hydroxy-5-methyl-
4-isoxazole proprionic acid (AMPA) receptors — bind to
specific proteins at postsynaptic sites. These postsynaptic
proteins, characterized by having so-called ‘PDZ’
domains, act as anchors to attach the receptors to the
cytoskeleton and also as scaffolds for the assembly of
specific complexes of signaling proteins linked to the
receptors (reviewed in [1]).
Fast GABAergic neurotransmission is mediated by
ionotropic GABA receptors, principally the GABAA
receptor subtype. These ligand-gated chloride channels
are segregated from glutamate receptors and concentrated
in the postsynaptic membrane of inhibitory synapses.
Compared with glutamate receptors, until recently little
has been known about the molecular mechanisms under-
lying the postsynaptic localization of ionotropic GABA
receptors. Two recent studies [2,3], however, promise to
open up this field. In doing so, they also offer new
insights into the function of the enigmatic microtubule-
associated proteins (MAPs).
Ionotropic GABA receptors belong to the superfamily of
pentameric ligand-gated ion channels that is exemplified
by the nicotinic acetylcholine receptor. Unlike the sub-
units of ionotropic glutamate receptors, each subunit of a
GABAA receptor has its carboxyl terminus on the extracel-
lular side of the membrane. The only major cytoplasmic
domain of GABAA receptors is the loop between the third
and fourth transmembrane segments. Reasoning that this
loop is likely to form the site for interaction of GABA
receptors with intracellular proteins, Hanley et al. [2] and
Wang et al. [3] both used the yeast two-hybrid screen to
search for interacting gene products. 
Wang et al. [3] identified a novel protein, which they
termed ‘GABAA receptor associated protein’ (GABARAP),
that binds to the intracellular loop of the abundant γ2
subunit of GABAA receptors. The GABARAP interaction
site mapped to an 18 residue segment of the intracellular
loop and, interestingly, appeared relatively specific for the
γ subunit. That GABAA receptors and GABARAP interact
in vivo was supported by their co-immunoprecipitation
from brain extracts, and by their punctate immuno-
colocalization on cultured cortical neurons. So what is
GABARAP? It is a small, 117 residue protein, and although
no sequence matches were found in the database,
GABARAP’s sequence does show a relationship to that of
MAP1A/1B light chain 3. This sequence relationship —
approximately 30% identity and 60% similarity — suggests
that GABARAP may also be a MAP, or a ‘light chain’ of
some MAP complex. Indeed, GABARAP fractionates like
a MAP during purification of microtubules [3]. 
In view of GABARAP’s resemblance to a MAP1A/1B light
chain, it is all the more striking that Hanley et al. [2] isolated
the MAP1B heavy chain as a protein that specifically binds
to the intracellular loop of the ρ1 subunit of ionotropic
GABA receptors. The three ρ subunits, ρ1–3, are not found
in GABAA receptors but make up the GABAC receptors,
which are expressed almost exclusively in the retina.
Subunit ρ1 binds to a region of MAP1B adjacent to, but dis-
tinct from, the protein’s microtubule-binding domain.
Expression of MAP1B in COS cells led to the intracellular
aggregation of ρ1 molecules, suggesting that ρ1’s interac-
tion with MAP1B has a ‘clustering’ function. Evidence for
in vivo association of the ρ1 subunit with MAP1B came
from co-immunoprecipitation of these proteins from retinal
extract, and from their immunocytochemical colocalization
on the terminals of bipolar neurons [2].
As MAP1B is reported to bind to actin as well as to
microtubules, the interaction of ρ1 and MAP1B has the
potential to link GABAC receptors to both the actin and
tubulin cytoskeleton. MAP1B binds to ρ1 but not to several
subunits of GABAA receptors. The different specificities of
the MAP1B and GABARAP associations raise the possibil-
ity that differential localization of GABAA and GABAC
receptors within the retina may be due to their specific
interactions with GABARAP and MAP1B, respectively.
The binding of ionotropic GABA receptors to MAP1B or
GABARAP is reminiscent of the interaction between
receptors for the inhibitory neurotransmitter glycine and
gephyrin, another microtubule-binding protein (reviewed
in [4]). The gephyrin interaction is similarly mediated by
the major intracellular loop of the glycine receptor
β subunit. Binding to specific MAPs may therefore be the
mode of cytoskeletal attachment for inhibitory ionotropic
receptors in general. A role for microtubule-binding pro-
teins in the cytoskeletal anchoring of GABA and glycine
receptors might be related to the fact that inhibitory
synapses are formed predominantly on the shafts of proxi-
mal dendrites, in which microtubules are abundant,
rather than on dendritic spines, in which microtubules are
sparse or absent.
The specific interaction of GABAA, GABAC and glycine
receptors with distinct microtubule-binding proteins is
consistent with the idea that GABARAP, MAP1B and
gephyrin mediate the localization of these receptors at
inhibitory synapses, and perhaps even their segregation
between different subsets of inhibitory synapse. The
GABARAP interaction by itself, however, cannot explain
the differential subcellular distribution of distinct subtypes
of GABAA receptor [5]. Presumably, more layers of com-
plexity remain to be uncovered in GABAA receptor interac-
tions with intracellular proteins.
One such complexity is that gephyrin, the glycine receptor
binding protein, appears also to be involved in postsynaptic
organization of GABAA receptors [6], even though no direct
interaction between gephyrin and GABAA receptor sub-
units has been convincingly shown. Could there be an indi-
rect interaction between gephyrin and GABAA receptors,
mediated by GABARAP or an associated MAP? The
importance of gephyrin in synaptic targeting of glycine
receptors has recently been demonstrated by targeted gene
inactivation in mice [7]. Similar genetic experiments are
obviously required to test possible roles of MAP1B and
GABARAP in the synaptic localization of GABA receptors.
At first glance, it appears that the inhibitory receptors
interact with a different class of intracellular protein than
do excitatory amino acid receptors. Ionotropic GABA and
glycine receptors associate with microtubule-binding
proteins, whereas NMDA and AMPA receptors associate
with PDZ-containing proteins (Figure 1). This dichotomy
suggests that the mode of interaction with the cytoskele-
ton is different for inhibitory and excitatory receptors.
Somewhat muddling the picture, however, is the finding
that ionotropic glutamate receptors can also interact, albeit
less directly, with MAPs [8,9]. 
The NMDA-receptor-associated PDZ-domain protein
PSD-95 has been observed to bind to CRIPT [8], a small
polypeptide which we have found associates with the
tubulin cytoskeleton (unpublished observations); PSD-95
also binds directly to MAP1A in a regulated manner [9].
The physiological significance of these interactions is
unclear, however. The interaction of PSD-95 with micro-
tubule-binding proteins such as CRIPT and MAP1A may
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Figure 1
Molecular interactions between ionotropic
neurotransmitter receptors and microtubules.
(a) Inhibitory GABAA, GABAC, and glycine
receptors bind via their intracellular loops to
GABARAP, MAP1B and gephyrin,
respectively. GABARAP is a small protein that
may interact indirectly with microtubules via
another protein. (b) NMDA receptors bind to
PSD-95 with their carboxy-terminal tail; 
PSD-95 in turn interacts with the microtubule-
binding proteins CRIPT and MAP1A.
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reflect the fact that some excitatory synapses are made on
to dendritic shafts in addition to dendritic spines. At this
point, however, these findings highlight how little we
understand about the function of MAPs, and about the
significance of protein interactions with MAPs. 
The interactions of ionotropic GABA receptors with
MAP1B and GABARAP presage new insights into the
functions of MAPs in general. The heterogeneous MAP
‘family’ includes large proteins such as MAP-1A, MAP-
1B and MAP-1C, and smaller components such as tau
and MAP-2C. Many MAPs were originally characterized
as promoters of tubulin polymerization. Although their
mechanisms of action and their precise in vivo roles
remain poorly understood, MAPs are believed to function
as stabilizers of microtubules and/or as regulators of
microtubule assembly or disassembly. They might also
connect microtubules to actin and intermediate fila-
ments. From the newly-found interaction with neuro-
transmitter receptors, a novel function for MAPs has
emerged: the linkage of membrane proteins to the
tubulin cytoskeleton. 
In addition to passive cytoskeletal anchoring, the bridging
of a microtubule to a membrane receptor might allow for
local regulation of microtubule dynamics by signaling
events at the plasma membrane. In view of this, it should
be interesting to investigate whether MAP-associated
neurotransmitter receptors can influence MAP/microtubule
activity in some way. In this context, it is noteworthy that
glycine receptor activation during development is required
for glycine receptor clustering at inhibitory synapses [10].
Undoubtedly, the discovery of the interaction between
GABA receptors and MAP1B and GABARAP will rekin-
dle interest in the functions of MAPs. In the next few
years, we can look forward to a rapid increase in our under-
standing of this rather mysterious group of cytoskeleton-
associated proteins. 
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